Phytophthora infestans, the organism responsible for the Irish famine, causes late blight, a re-emerging disease of potato and tomato. Little is known about the molecular evolution of P. infestans genes. To identify candidate effector genes (virulence or avirulence genes) that may have co-evolved with the host, we mined expressed sequence tag (EST) data from infection stages of P. infestans for secreted and potentially polymorphic genes. This led to the identification of scr74, a gene that encodes a predicted 74-amino acid secreted cysteine-rich protein with similarity to the Phytophthora cactorum phytotoxin PcF. The expression of scr74 was upregulated approximately 60-fold 2 to 4 days after inoculation of tomato and was also significantly induced during early stages of colonization of potato. The scr74 gene was found to belong to a highly polymorphic gene family within P. infestans with 21 different sequences identified. Using the approximate and maximum likelihood (ML) methods, we found that diversifying selection likely caused the extensive polymorphism observed within the scr74 gene family. Pairwise comparisons of 17 scr74 sequences revealed elevated ratios of nonsynonymous to synonymous nucleotide-substitution rates, particularly in the mature region of the proteins. Using ML, all 21 polymorphic amino acid sites were identified to be under diversifying selection. Of these 21 amino acids, 19 are located in the mature protein region, suggesting that selection may have acted on the functional portions of the proteins. Further investigation of gene copy number and organization revealed that the scr74 gene family comprises at least three copies located in a region of no more than 300 kb of the P. infestans genome. We found evidence that recombination contributed to sequence divergence within at least one gene locus. These results led us to propose an evolutionary model that involves gene duplication and recombination, followed by functional divergence of scr74 genes. This study provides support for using diversifying selection as a criterion for identifying candidate effector genes from sequence databases.
Introduction
Oomycetes, also known as water molds, form a diverse group of fungus-like eukaryotic microorganisms that are distantly related to fungi but are more closely related to diatoms and brown algae in the Stramenopiles (or heterokonts), one of several major eukaryotic kingdoms (Sogin and Silberman 1998; Baldauf et al. 2000; Margulis and Schwartz 2000) . Phytophthora infestans, the most notorious and destructive oomycete, was responsible for the Irish potato famine in the nineteenth century. This species remains a devastating pathogen, causing late blight, a reemerging disease of potato and tomato Goodwin 1997a, 1997b; Birch and Whisson 2001; Schiermeier 2001; Smart and Fry 2001; Ristaino 2002; Shattock 2002; Nicholls 2004) . It is estimated that the late blight disease causes multibillion-dollar losses in potato and tomato production worldwide Goodwin 1997a, 1997b) . Although P. infestans is a pathogen of great economic importance, the molecular mechanisms of pathogenicity and host specificity are not well understood. Furthermore, mechanisms of molecular evolution of P. infestans genes and gene families are largely unknown.
The neutral theory of molecular evolution maintains that most molecular polymorphisms within a species and most molecular divergence between species are driven by random fixation of selectively neutral mutations (Kimura 1983) . By investigating the prevalence of nucleotide polymorphism and divergence, it is possible to obtain considerable insight into the evolutionary processes that shaped a particular genomic region (Hudson 1993) . In the last decade, the genetic architecture of polymorphisms within a species and species divergence have been widely studied (Hughes, Ota, and Nei 1990; Karl and Avise 1992; Orr and Coyne 1992; Berry and Kreitman 1993; Haag and True 2001; Wu 2001) . Many researchers have focused on identifying genes and finding genomic regions of functional importance on which selection has acted, thus helping to unravel the evolutionary genetic basis of ecological diversification. For example, diversifying selection (also known as positive selection) can be an indicator of genomic regions that contain genes or gene families of functional importance.
The most reliable indicator of diversifying selection at the molecular level is a higher nonsynonymous nucleotidesubstitution rate (d N ) than synonymous nucleotidesubstitution rate (d S ) between two protein-coding DNA sequences (ratio x ¼ d N / d S . 1) (Li, Wu, and Luo 1985; Nei and Gojobori 1986; Ina 1995; Yang and Bielawski 2000) . Based on this criterion, statistical methods, such as the approximate method (also known as the counting method) and the maximum likelihood (ML) method, have been developed and implemented into computer software packages for detecting diversifying selection (Yang and Bielawski 2000) . On the basis of such methods, a number of genes involved in defense systems or immunity, genes involved in evading defense systems or immunity, and toxin protein genes have been shown to be under diversifying selection (Stahl and Bishop 2000; Yang and Bielawski 2000) .
In plant pathogen interactions, resistance is often regulated by recognition of pathogen molecules by the plant. This is illustrated by the gene-for-gene concept, which implies that an avirulence (Avr) gene from the pathogen is recognized directly or indirectly by a matching resistance (R) gene from the plant, resulting in recognition of the pathogen and activation of plant defense mechanisms (Dangl and Jones 2001) . Diversifying selection in genes encoding proteins that function at the interface of attack and defense in host-pathogen antagonism, such as the Avr and R genes, is likely to reflect an ''arms race'' coevolution Stephen 1999, 2000; Stahl and Bishop 2000) . The rationale is that natural selection driven by a co-evolutionary arms race is likely to leave a signature at the molecular level. Thus, evolutionary analyses of defense or attack (virulence) genes can provide insight into how plants and pathogens co-evolve under the ''arms race'' model, and the extent to which co-evolutionary interactions shape the present genetic variation in plant and pathogen populations (Stahl and Bishop 2000) .
P. infestans research has entered the genomics era. Current genomic resources include expressed sequence tags (ESTs) from a variety of developmental and infection stages, as well as sequences of selected regions of the genome (Kamoun 2003) . A number of data-mining and functional strategies have been developed to exploit the sequence resources. For example, Torto et al. (2003) developed an algorithm to identify putative extracellular effector proteins from EST data sets. Bos et al. (2003) described a strategy to identify candidate Avr genes based on the assumption that these genes exhibit significant sequence variation within populations of the pathogen. Accumulation of structural genomic resources, genome sequences for P. infestans, and the availability of appropriate statistical methodologies provide the opportunity to investigate patterns of diversifying selection in effector proteins from P. infestans. Effector proteins are molecules produced by plant pathogens to manipulate biochemical and physiological processes in their host plants by promoting infection (virulence genes) or by triggering defense responses (Avr genes) . Based on the assumption that evidence of diversifying selection in effector genes could reflect an ''arms race'' co-evolution between the host and the pathogen, we hypothesized that identifying P. infestans genes under diversifying selection will augment other criteria to help us select candidate effector genes important in virulence and host specificity.
In this study, we mined EST data from infection stages of P. infestans for secreted and potentially polymorphic genes. One class of genes, identified by Torto et al. (2003) , encodes secreted small cysteine-rich (SCR) proteins, a feature reminiscent of the products of Avr genes from plant pathogenic fungi and oomycetes (van't Slot and Knogge 2002; Bittner-Eddy et al. 2003) . One of these genes, scr74, encodes a predicted protein with significant similarity to PcF, a 52 amino acid phytotoxic necrosisinducing protein secreted by Phytophthora cactorum (Orsomando et al. 2001) . Further characterization of the scr74 gene suggested that it is upregulated during colonization of tomato and potato by P. infestans and forms a highly polymorphic gene family. We investigated the molecular evolution of the scr74 genes by means of the approximate method of Nei and Gojobori (1986) , which calculates the average x ratio across all the amino acid sites. In addition, we used the ML method to identify particular amino acid residues on which diversifying selection has acted (Nielsen and Yang 1998; Yang and Bielawski 2000) . Results showed that diversifying selection likely caused the extensive polymorphism observed within the scr74 gene family. Based on this and additional analyses of gene copy number and organization, we propose an evolutionary model that involves duplication followed by functional divergence of scr74 genes. This study provides support for using diversifying selection as a criterion for identifying candidate effector genes from sequence databases.
Materials and Methods

Phytophthora infestans Strains and Culture Conditions
P. infestans isolate 90128 (A2 mating type, race 1.3.4.7.8.9.10.11) and 88069 (A1 mating type, race 1.3.4.7) were routinely cultured at 188C on rye agar medium supplemented with 2% sucrose (Caten and Jinks 1968) . For RNA extraction, plugs of mycelium were transferred to modified Plich medium (Kamoun et al. 1993) and grown for 2 to 3 weeks before harvesting. Non-sporulating mycelium and germinated cysts were obtained, and potato plant inoculations were carried out as described by Avrova et al. (2003) (Goodwin et al. 1998) , strain IPO-0 (US1, race 0) (Vleeshouwers et al. 2000) , and strain T30-4, which was used for construction of the bacterial artificial chromosome (BAC) library .
RNA Manipulations, Northern Blot Analysis, and Real-Time Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) Total RNA isolation from P. infestans mycelium and from infected tomato leaves, as well as northern blot hybridizations were carried out as described by Huitema et al. (2003) . Total RNA extraction and cDNA synthesis for P. infestans mycelium, sporangia, zoospores, germinating cysts and uninfected and infected potato cultivar Bintje leaves, and SYBR green real-time RT-PCR assays were carried out as described by Avrova et al. (2003) . Real-time RT-PCR primers for the constitutively expressed P. infestans control gene actA, and for the in planta-induced gene calA, are given in Avrova et al. (2003) . Primers for scr74 were 59-CCACGATTGCTGTGGTAAAAGTT-39 and 59-TCGCTGTGGTTTGGAATCTAGA-39, and amplified a 72-bp fragment. [SDS] ). Filters were washed at 558C in 1 3 SSC/0.5% SDS, and 0.5 3 SSC/0.5% SDS (Sambrook and Russell 2001) . To reveal the hybridizing bands, membranes were exposed to a phosphor imager screen (Molecular Dynamics Storm 840 Phosphor Imager). Hybridizations to the P. infestans BAC library, BAC DNA isolation, BAC endsequencing, and Southern blotting of BAC clones were performed as described by Whisson et al. (2001) .
Hybridization Probes for Southern and Northern Blot Analysis DNA inserts from cDNA clones of scr74 and actA were gel-purified after digestion and used as probes for Southern and northern blot hybridizations. The probes were radiolabeled with a 32 P-dATP using a random primer labeling kit (Invitrogen, San Diego, Calif.).
Primer Design, PCR Amplification, and Sequencing A pair of oligonucleotide primers SCR74-FCla (59-GGAAATCGATCCGGTCATCGTCACTACTCAAC-AGCTCG-39) and SCR74-RNot (59-GGAAGCGGCCG-CTTCATTCATTTGATTATCACTGTATCTC-39) were designed for the amplification of a 304-bp fragment containing the entire open reading frame (ORF) of scr74. The fragments were cloned in pGR106 (Lu et al. 2004) using the ClaI and NotI restriction enzymes. Five P. infestans isolates were used for PCR amplifications (table 1). Polymerase chain reaction amplifications and DNA sequencing were performed as described earlier (Bos et al. 2003) . The sequences described here were deposited in GenBank (accession numbers AY723699-AY723725).
Sequence Analysis
PexFinder and signal peptide predictions were carried out following the methods of Torto et al. (2003) . Similarity searches were performed locally on Intel Linux and Mac OSX workstations. Search programs included BLAST (Altschul et al. 1997) , and the similarity search programs implemented in the BLOCKS (Henikoff et al. 2000) , Pfam (Bateman et al. 2002) , SMART (Letunic et al. 2002) , and InterPro (Apweiler et al. 2001) Web sites. Sequence data analysis and interpretation were performed as described by Bos et al. (2003) . Base calling was performed with the algorithm phred . Only sequences with phred Q values higher than 20 were retained for analysis. Sequences were aligned, and ambiguous calls were checked against chromatograms using Sequencher 4.1 (Gene Codes Corp.). Two observations suggest that the sequences we generated are of high quality. First, sequences identical to those of ESTs PC015G09 and PH011A12 were recovered from five independent PCR clones. Second, the observed polymorphisms were unevenly distributed and were essentially localized in the ORF.
Databases
We examined several sequence databases, including publicly available GenBank nonredundant databases and dBEST (Karsch-Mizrachi and Ouellette 2001) , the Phytophthora Functional Genomics Database (PFGD, www.pfgd.org), and the Syngenta Phytophthora Consortium (SPC) database, a proprietary database of Syngenta Inc. containing ca. 75,000 ESTs from P. infestans.
Diversifying Selection Analyses
The rate of nonsynonymous nucleotide substitutions per nonsynonymous site (d N ) and the rate of synonymous nucleotide substitutions per synonymous site (d S ) across all the amino acids sites in pairwise comparisons between nucleotide sequences were estimated using the approximate method of Nei and Gojobori (1986) implemented in the YN00 program in the PAML software package (Yang 1997) .
To identify which SCR74 amino acids have been affected by diversifying selection, we used maximum likelihood models of codon substitution that allow for heterogeneous selection pressures among sites along the protein (Nielsen and Yang 1998; Yang and Bielawski 2000) . Analyses were done with the computer Table 1 Distribution of scr74 sequences among Phytophthora infestans isolates
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program CODEML in the PAML package (Yang 1997) . This method consists of two major steps. The first step uses the likelihood ratio test (LRT) to test for diversifying selection by comparing a null model with an alternative one that accounts for sites under diversifying selection. The six models recommended by were tested. They were null models, M0, M1, M7, corresponding to alternative models, M3, M2, M8, respectively. Twice the difference in log likelihood ratio between a null model and an alternative model was compared with a chisquared (v 2 ) distribution with degrees of freedom equaling the difference in the numbers of parameters estimated from the pair of models. The likelihood ratios of the two models test whether an alternative model fits the data better than the null model. The second step identifies amino acids under diversifying selection by using the empirical Bayes theorem, as implemented in CODEML, to calculate the posterior probability that a particular amino acid belongs to a given selection class (neutral, deleterious or advantageous) (Yang 1997) . Amino acid sites with a high posterior probability for an advantageous class of sites (x . 1) were deemed more likely to be under diversifying selection.
Analysis of Genetic Recombination
Open reading frames of scr74 nucleotide sequence were translated into amino acid sequences, and multiple alignments were conducted using the CLUSTAL-X program (Thompson et al. 1997) . Evidence for genetic recombination was sought with the SplitsTree program that uses the Split Decomposition method (Huson 1998) . The difference in sum of squares (DSS) statistics (McGuire and Wright 2000) implemented in the TOPALi program (Milne et al. 2004 ) was used to further investigate recombination. Phylogenetic trees were constructed with the Neighbor-Joining method based on Jukes-Cantor distances as implemented in TOPALi (Milne et al. 2004) . Parametric bootstrapping using the DSS statistic was used to compare tree topologies (Goldman, Anderson, and Rodrigo 2000) .
Results
A P. infestans cDNA Isolated from Infected Tomato Leaves Encodes a Secreted Small Cysteine-Rich Protein with Similarity to a Phytotoxin
We analyzed an EST data set generated from tomato leaves 3 days after infection with P. infestans using BLASTN searches against a 0.7X whole genome shotgun sequence of P. infestans and all publicly available tomato sequences. Among the ESTs examined, 241 of 2808 showed more than 90% identity to P. infestans sequences but less than 90% identity to tomato sequences and were hypothesized to originate from the pathogen. These ESTs were then annotated by similarity and motif searches against public databases and using PexFinder to identify cDNAs encoding extracellular proteins . One EST, PC015G09, showed significant similarity to the necrosisinducing protein PcF secreted by P. cactorum (Orsomando et al. 2001) and the candidate Avr gene scr91 (Bos et al. 2003) . Full-length sequencing of the corresponding cDNA revealed an ORF of 222 bp, corresponding to a predicted translated product of 74 amino acids containing 8 cysteines. SignalP (Nielsen et al. 1997; Nielsen and Krogh 1998) analysis of the predicted protein identified a 21-amino acid signal peptide with a significant mean S value of 0.849. Polymerase chain reaction amplifications with primers based on the cDNA sequence were successful with P. infestans genomic DNA but not with tomato. Based on these analyses, we propose that the analyzed cDNA is from P. infestans and encodes a putative 74-amino acid secreted and cysteine-rich protein, with features reminiscent of several Avr genes from plant pathogenic fungi. We designated the cDNA small cysteine-rich protein 74 or scr74.
The scr74 Gene Is Upregulated During Infection of Tomato and Potato by P. infestans
To determine whether the scr74 gene is upregulated during infection, we used northern blot analysis to detect scr74 mRNA in a time course of P. infestans infection of its host plant tomato. Total RNA was isolated from leaves of tomato 0, 1, 2, 3, and 4 days post-inoculation (dpi) with P. infestans isolate 90128 and from P. infestans mycelium grown in liquid rye-sucrose medium. A northern blot containing these samples was hybridized with probes made from P. infestans scr74 and the constitutive gene actA (Unkles et al. 1991) . During the interaction, scr74 transcripts were first detected at two dpi and reached maximal levels at 3 and 4 dpi ( fig. 1A) . In contrast to actA, scr74 resulted in significantly stronger hybridization signals in the time course compared to mycelium, suggesting that the scr74 gene is upregulated during infection of tomato by P. infestans ( fig. 1A) . Quantification of the hybridization signals indicated that scr74 is upregulated approximately 60-fold at 2 to 4 dpi compared to mycelium.
Real-time RT-PCR analysis was used to investigate the expression of scr74 using cDNA templates derived from P. infestans mycelium grown in pea broth, sporangia, zoospores, germinating cysts, uninfected potato cv. Bintje, and infected Bintje (12, 24, 33, 48, 56, and 72 hpi) . The actA gene from P. infestans was used as a constitutively expressed endogenous control, and expression was also compared to calA, a gene known to be upregulated in germinating cysts and infected plants (Avrova et al. 2003 ). Expression of scr74 in different samples was compared to the level of its expression in a calibrator sample, which was cDNA from mycelium and was assigned the value of 1.0. As expected, the calA gene was upregulated approximately fivefold in germinating cysts and 18-fold at 48 hpi (data not shown; Avrova et al. 2003) . The scr74 gene was upregulated 380-fold in germinating cysts and showed elevated levels of expression throughout infection ( fig. 1B ). Repeated amplifications, on independent occasions with different cDNA samples, resulted in similar expression profiles.
scr74 Belongs To A Polymorphic Gene Family in P. infestans
We used the scr74 sequence to search the SPC database, containing ca. 75,000 ESTs from P. infestans.
We identified one scr74-like EST, PH011A12, generated from germinating cysts, a pre-infection stage of P. infestans. Similar to PC015G09, the sequence of the cDNA corresponding to PH011A12 revealed a 222-bp ORF corresponding to a predicted translated product of 74 amino acids. However, the two predicted proteins differed in eight aminoacids. This result prompted us to use Southern hybridization for a preliminary investigation of the copy number of scr74-like sequences among 19 different P. infestans isolates representing 10 US clonal genotypes (Goodwin et al. 1998) (fig. 2) . The scr74 probe hybridized to at least 10 different genomic DNA fragments in 12 of 19 isolates ( fig. 2 ). The number of hybridizing bands varied between isolates ranging from two to five, indicating a polymorphic gene family.
scr74 Sequences Are Highly Polymorphic in P. infestans
To examine sequence polymorphism in the scr74 genes, we used PCR amplification with primers flanking the ORF, followed by DNA sequencing. We selected five P. infestans isolates (US940507, US960022, US990004, US940480, and US970015) representing five US clonal lineages and all 10 different fragments detected by Southern blots (fig. 2 ). In addition, we included DNA from strain IPO-0, a well-established lab strain (Vleeshouwers et al. 2000) . Direct sequencing of amplicons obtained from genomic DNA of the six isolates resulted in mixed sequences, suggesting that the primers amplified multiple alleles or paralogs of scr74. Therefore, we cloned the amplicons and generated high-quality sequences (phred Q . 20) of the 304 bp inserts of 45 different clones. In total, 21 different sequences encoding 19 predicted amino acid sequences were obtained (table 1) . Polymorphisms were detected in 32 of the 304 nucleotides. Most of the polymorphic sites (31/ 225) were in the coding sequences, whereas only 1 site of the 79 untranslated region (UTR) nucleotides sequenced was polymorphic. Both sequences SCR74-C4 and E6 contained premature stop codons and were excluded from further analysis. Sequences SCR74-B10 and D5 were obtained from five independent amplicons and were identical to ESTs PC015G09 and PH011A12, respectively.
Multiple alignments of the 17 predicted SCR74 amino acid sequences revealed that eight conserved cysteines define the scr74 gene family signature ( fig. 3 , the nucleotide multiple alignment is available online in the Supplementary Material). No differences in length (74 amino acids) were observed. Each member of the SCR74 family was predicted to contain a signal peptide (positions 1 to 21), and an extracellular mature protein of 53 amino acids (positions 22 to 74, the last residue of SCR74; fig. 3 ). Amino acid sequences of the SCR74 family were highly polymorphic. A total of 21 polymorphic amino acid sites were identified. Interestingly, 19 of 21 polymorphic sites were located in the mature protein, whereas only 2 of 21 were in the signal peptide, suggesting that amino acid variation was more frequent in the mature protein than in the signal peptide. fig. 4B ). These results suggest that the mature protein is more divergent than the signal peptide, and that diversifying selection is probably an important evolutionary force in shaping sequence variation of the mature SCR74 protein.
SCR74 Amino Acid Sites Under Diversifying Selection
To detect the particular amino acid sites under diversifying selection in the scr74 gene family, we applied three pairs of ML models of codon substitution: M3/M0, M8/ M7, and M2/M1 (Nielsen and Yang 1998; . The discrete model M3 with three site classes suggested that about 23% of the amino acid sites were under diversifying selection with x 1 ¼ 5.542, whereas about 16% of amino acid sites were under strong diversifying selection with x 2 ¼ 14.711 ( ). This indicates that the discrete model M3 fits the data significantly better than the neutral model M0, which does not allow for the presence of diversifying selection sites with x . 1. We then used the empirical Bayes theorem to identify 21 amino acid sites implicated as being under diversifying selection with greater than 99% confidence under the discrete model M3 (table 2) . We plotted the position of the 21 diversifying selection sites in SCR74 ( fig. 5) . Interestingly, about 90% (19 of 21) of amino acid sites were located in the mature SCR74 protein, whereas only about 10% (two of 21) of amino acid sites were in the signal peptide. Again, this suggests that sites under diversifying selection occur more frequently in the mature protein of SCR74.
We also performed the LRT between the null model M7 (beta) and the alternative model M8 (beta1x). The model M8 showed that about 68% of sites had x from a U-shaped beta distribution, and about 32% of sites were under strong diversifying selection with x¼10.737. The difference between model M7 and model M8 was statistically significant, as indicated by the LRT: 2ÁL ¼ 2 3 [2643.202 (2619.46)]¼47.48, which is greater than the v 2 critical value (9.21 at 1% significance level, with degrees of freedom ¼ 2; table 2). Thus, model M8 fitted the data significantly better than model M7. Under model M8, using the empirical Bayes theorem, we identified the same sites under diversifying selection as the ones identified under model M3, although the confidence level of diversifying selection sites identified varied from 73% to greater than 99% (table 2).
The selection model M2 did not identify any sites under diversifying selection. The probable reason is that the neutral model M1 failed to account for sites with 0 , x , 1 that occur in the SCR74 data set . Thus, the small proportion of sites with x . 1 in the SCR74 data set were incorrectly added to the class of neutral sites with x ¼ 1 using this model .
scr74 Genes Are Clustered in the P. infestans Genome To further investigate gene copy number and organization, scr74 was hybridized to a P. infestans BAC library constructed from strain T30-4 (Whisson et al. FIG . 3.-Multiple sequence alignment of 17 SCR74 amino acid sequences from Phytophthora infestans. Single-letter amino acid codes were used. Identical amino acids are indicated by dots. The eight conserved cysteine residues are indicated by asterisks. Residue numbers are denoted above the sequences. The predicted signal peptide starts from the first residue and consists of 21 residues. The mature protein ranges from the twenty-second to the last residue.
664 Liu et al. 2001) . Twelve hybridizing BAC clones were identified. Given that the BAC library was estimated to represent 10-fold genome coverage, 12 hybridizing clones suggest that scr74 is either a single-copy gene or is present as a tightly clustered gene family in this strain. Southern hybridization of scr74 to the 12 clones, restriction digested with HindIII, is presented in figure 6 . Three clones, 11G3, 12O12, and 42H10, contained two hybridizing restriction fragments, suggesting the presence of two copies of scr74. Clone 42H10 was partially sequenced at the MIT Broad Institute (GenBank accession number AC147005). A 31,592 bp contig from this sequence was found to contain two copies of scr74 sequence separated by 24,608 bp between ATG start codons. Two additional groups of BAC clones showed single hybridizing restriction fragments in two discrete size classes. These may represent a third and fourth copy of the scr74 gene, or alleles of a third copy. Clone 19M21, containing the larger size class of hybridizing restriction fragment, has also been partially sequenced (83 kb of an estimated total size of 130 kb) at the Broad Institute (accession number AC147508). No sequences similar to scr74 were found in the 19M21 partial sequence. A greater sequence coverage of the clone, or targeted sequencing of regions between existing contigs, may be required to locate this scr74-like gene copy. Clone 64I10 contains the remaining size class of hybridizing restriction fragment. This BAC was sub-cloned and sequenced at SCRI, and a third sequence variant of scr74 was obtained. Southern analysis, BAC end-sequencing, and PCR were used as described previously to show that all 12 BACs are contiguous. These analyses also indicated that at least three copies of the scr74 gene are clustered in a 300-kb region of the P. infestans T30-4 genome (results not shown).
Phylogenetic Analysis of the SCR74 Family Suggests Recombination Contributed to Sequence Divergence
We investigated whether recombination has contributed to the evolution of the scr74 gene family. Detecting evidence of recombination in a short sequence alignment (225 bp) and with low average pairwise sequence divergence (0.06 substitutions per position) was difficult because of the low signal in the data. We used the Split Decomposition method (Huson 1998) , which uses all columns in the alignment and is therefore most likely to find evidence. We also included sequences scr74-C4 and E6, despite the fact they are predicted to encode truncated proteins. The SplitsTree program (Huson 1998) tests the percentage fit to a phylogenetic tree topology (100% fit implies no evidence of recombination, with 80% set as the threshold for significant evidence). The fit (45.5%) for our alignment was significant. The SplitsTree network diagram ( fig. 7A ) indicated that there are six non-recombinant sequences falling into three groups (one containing C3; one containing E5, C4, and E6; and one containing B3 and B7) and a group of 13 sequences that showed evidence of recombination.
We also analyzed the sequences found in the BACs. The BAC sequence from clone 64I10 aligned most closely with sequences E5, C4, and E6 (three sequences which do not appear to have resulted from recombination). The stop codon in sequence C4 should result in a translated product of 24 amino acids (barely longer than the cleaved signal peptide), whereas E6 would be truncated after 71 amino acids. Genomic sequence from 64I10 contains both stop codons, and sequence E5 contains neither. The two nucleotide substitutions that result in the stop codons are the only polymorphisms found among these four sequences, suggesting that this copy of scr74 is a pseudogene. The two copies of scr74 found within the sequence of BAC 42H10 (42H10-1/42H10-2) are both predicted to encode full-length proteins. Sequence 42H10-1 is identical to C3 (a nonrecombinant), whereas 42H10-2 is most similar to sequences D4 and B10. This suggests that the detected recombination has likely arisen at the 42H10-2 locus.
In addition, we used a window approach to detect likely recombination. We used the DSS method (McGuire and Wright 2000) in the TOPALi program (Milne et al. 2004 ) with a range of half-window sizes. The only significant result followed splitting the SCR74 alignment into two halves (i.e., half-window of 122 bp) which was significant at P , 0.05 based on a parametric bootstrapping test to compare two tree topologies (Goldman, Anderson, and Rodrigo 2000) , but using a DSS statistic rather than Log Likelihood.
We compared phylogenetic trees constructed using the first and second halves of the alignment to see if we could infer recombinants ( fig. 7B and 7C) . The automatic detection algorithm in TOPALi failed to recover recombinants, presumably because of low signal in the data. However, visual inspection confirmed that the six sequences [(B3, B7); (E6, C4, E5); and C3] lacking evidence of recombination in the SplitsTree diagram appeared to maintain their relative positions, while a considerable number of topology shifts have occurred with respect to the remaining sequences. This pattern is consistent with recombination having been active in at least one of the scr74 loci.
Discussion
In this study, we describe, characterize, and investigate molecular evolution and structural organization of the FIG. 5.-Posterior probabilities for site classes estimated under the discrete model M3 in PAML along the SCR74 protein sequence. ML estimates of probabilities and x ratios for the three site classes are P 0 ¼ 0.607, P 1 ¼ 0.229, and P 2 ¼ 0.164, and x 0 ¼ 0.000 (gray), x 1 ¼ 5.542 (dark gray), and x 2 ¼ 14.711(light gray). Amino acid sites having higher posterior probabilities for site classes x 1 or x 2 are potentially under diversifying selection. For example, the posterior probabilities at the site three (F) are 0.000, 0.179, and 0.821, indicating that this site is likely to be under diversifying selection. Signal peptides are underlined in light gray. Mature proteins are underlined in dark gray.
666 Liu et al. highly polymorphic scr74 gene family. This family was identified from the potato late blight pathogen P. infestans and was predicted to encode secreted cysteine-rich proteins with similarity to the phytotoxin necrosis-inducing protein PcF of P. cactorum (Orsomando et al. 2001) . The scr74 gene was initially identified by computer-aided mining of ESTs from infection stages of P. infestans to possess features reminiscent of pathogen effector molecules based on the criteria of Torto et al. (2003) and Bos et al. (2003) . Further molecular characterization of scr74 showed that these genes are widely distributed and form a highly polymorphic gene family with at least 21 different sequences identified. Also, expression of scr74 was upregulated in germinating cysts and during infection of tomato and potato by P. infestans. Based on prevalent models of plant-pathogen co-evolution, some effectors, notably those with Avr function, are predicted to exhibit significant sequence variation within populations of the pathogen (van't Slot and Knogge 2002; Bos et al. 2003; Dodds et al. 2004) . The polymorphic nature and expression pattern of scr74, along with structural features such as secretion and similarity to a phytotoxin, suggest that these genes may encode pathogen effector proteins and may play a role in the infection process, perhaps as an Avr protein.
Unfortunately, using the method described by Bos et al. (2003) , we could not perform association genetic analyses to assess the likelihood that scr74 is an Avr gene. All isolates examined produced mixed amplicons, and DNA hybridization experiments indicated the probable presence of scr74 paralogs in all isolates. The occurrence of multiple scr74-like sequences in the P. infestans genome confounds association studies because it is not possible to determine unambiguously the array of scr74 sequences of a given isolate by PCR amplification. Detailed characterization of scr74 genomic loci will help to design improved strategies for isolate genotyping.
Evolutionary analyses revealed that the P. infestans scr74 gene family exhibits an unusual pattern of evolution and is likely to be under diversifying selection as detected by both the approximate method of Nei and Gojobori (1986) and the ML method (Nielsen and Yang 1998; Yang and Bielawski 2000) . In most proteins, neutral and purifying selection are thought to be major evolutionary forces, with a high proportion of amino acid sites conserved as a result of structural and functional constraints (Li 1997; Golding and Dean 1998) . Under these circumstances, the approximate method should not be sensitive enough to detect diversifying selection because it averages x ratios over all sites of the protein (Yang and Bielawski 2000) . Nevertheless, using the approximate method, we detected diversifying selection across the entire scr74 sequence. This is likely because of the large number of highly divergent scr74 sequences (Yang and Bielawski 2000) and the relatively small and simple structure of these genes.
Compared to the approximate method, the ML method developed by Yang and collaborators Yang and Bielawski 2000) is more sensitive for detecting diversifying selection and can also identify the particular amino acids sites under diversifying selection. We also obtained significant support for diversifying selection in the SCR74 family using two of three models implemented in the ML method. Interestingly, all 21 polymorphic amino acid sites were identified as being under diversifying selection although at different confidence levels.
We also found higher d N to d S ratios in the mature protein region than in the signal peptide region of SCR74. Moreover, 19 of 21 amino acid sites under diversifying selection (90%) are located in the mature protein region. Remarkably, most polymorphic nucleotide sites, 27 out of a total of 32 polymorphisms or a 16.7% polymorphism rate, were in the mature protein region of the ORF. The signal peptide region and the sequenced portion of the UTRs accounted for only four and one polymorphic sites, respectively. The nucleotide polymorphism rates in the signal peptide region and the UTRs were also lower than in the mature protein region at 6.3 % and 1.3 %, respectively. This rapid accumulation of nucleotide changes and amino acid replacements in the mature protein region indicates that diversifying selection has been acting mainly on this portion of the protein. Thus, diversifying selection may have acted on the domain of SCR74 that is directly related to its biological activity, and it may have shaped functional diversity in this protein family. Similar observations have been made for other genes under diversifying selection, such as murine b-Defensins (Morrison et al. 2003) and toxin genes in the venomous gastropod Conus Stephen 1999, 2000) .
How did the scr74 genes evolve to result in divergent, rapidly accumulated nucleotide changes in sequences corresponding to the mature protein but remain relatively conserved in the signal peptide and UTR sequences? Gene duplication, followed by functional divergence of duplicated genes, is an important evolutionary force for the emergence of new gene function (Stephens 1951; Nei 1969; Ohno 1970; Ohta 1980 Ohta , 1993 . Goodman (1976) , Goodman et al. (1987) first reported that the rate of amino acid substitutions was accelerated following duplication of hemoglobin genes into a and b hemoglobins and suggested that this acceleration was caused by natural Diversifying Selection in Phytophthora 667 selection. In fact, it has been debatable whether rapid evolution (acceleration in the rate of amino acid substitutions) in gene families following gene duplication occurs by diversifying selection or relaxation of functional constraints due to gene redundancy (Kimura 1983; Li 1985; Ohta 1993 Ohta , 1994 . Based on our analyses, we propose an evolutionary model that involves gene duplication followed by functional divergence of scr74 genes. We found at least three copies of scr74 to be clustered in a region of the P. infestans T30-4 genome of less than 300 kb, suggesting that gene duplication may have occurred. Moreover, we also detected genetic recombination in at least one of the scr74 gene loci. Both diversifying selection and relaxation of selective constraints may have played FIG. 7 .-Evidence for genetic recombination between scr74 copies. (A) Output from SplitsTree. The data are not consistent with a simple tree and are therefore represented by a tree-like network. (B, C) Parts of the output are from the TOPALi software package for detecting mosaic sequences and enabling comparisons of tree topologies for different portions of a gene sequence. Panels B and C correspond to Neighbor-Joining trees generated with the first and second halves of the SCR74 protein alignment, respectively. Note the lack of congruence between the two trees. The scale bars represent weighted sequence divergence. Bootstrap values higher than 50% are shown at the nodes.
668 Liu et al. complementary roles in promoting sequence and functional divergence following gene duplication and recombination. This explanation is consistent with those for the adaptive evolution of primate murine b-Defensin gene family in vertebrates (Morrison et al. 2003 ) and pancreatic ribonuclease genes in a leaf-eating monkey (Zhang, Zhang, and Rosenberg 2002) . We are currently further analyzing P. infestans genomic clones containing scr74 genes to gain more insights into the role of gene duplication and recombination in the molecular evolution of this family.
What is driving the diversifying selection observed in scr74 genes? The co-evolutionary ''arms race'' model states that adaptation and counter-adaptation between host and pathogen or parasite drive their antagonistic coevolution (Dawkins and Krebs 1979) . Co-evolution of host-pathogen or host-parasite is thought to generate the evolutionary forces that shape the genes involved in these interactions. Recently, a number of genes involved in hostpathogen antagonistic co-evolution have been revealed to be under diversifying selection, resulting in accelerated amino acid substitutions in sites that determine recognition by the host or the pathogen (Stahl and Bishop 2000) . Several toxins and their counteracting detoxifying enzymes, as well as hydrolytic enzymes and their corresponding inhibitors, are thought to be involved in antagonistic co-evolution, and diversifying selection acting on these molecules has been documented (Leckie et al. 1999; Stephen 1999, 2000; Bishop, Dean, and Mitchell-Olds 2000; Stotz et al. 2000) . For example, several studies showed that diversifying selection has acted on hypervariable solvent-exposed residues of the leucine-rich repeat (LRR) region of some plant disease resistance R proteins from Arabidopsis, lettuce, tomato, rice, and flax (Parniske et al. 1997; Meyers et al. 1998; Wang et al. 1998; Noel et al. 1999; Ellis, Dodds, and Pryor 2000; Mondragon-Palomino et al. 2002) . Diversifying selection in R genes is thought to reflect an ''arms race'' in plant-pathogen co-evolution in order to select novel resistance specificities (Endo, Ikeo, and Gojobori 1996; Stahl and Bishop 2000; Yang 2002 ). Interestingly, diversifying selection was recently detected in the flax rust Avr genes AvrL567 that are recognized by the flax L5, L6, or L7 R genes, lending additional support for an arms race model of gene-for-gene evolution (Dodds et al. 2004 ).
Here we show that the scr74 gene family of the oomycete plant pathogen P. infestans is under diversifying selection. Although the nature of the selective pressures remains unclear, we propose that diversifying selection acting on the mature SCR74 protein has resulted in functionally important intraspecific polymorphisms. SCR74 is a secreted protein with similarity to a necrosisinducing protein and has many hallmarks of an effector protein that may play a role in the infection process. The scr74 genes are also significantly upregulated during infection of host plants. Altogether, this suggests that the selective forces that shaped scr74 evolution might be related to host-pathogen co-evolution. Future functional analyses, such as the in planta expression assays described by Huitema et al. (2004) , combined with site-directed mutagenesis, will be necessary to determine the nature and significance of the adaptive changes, as well as to dissect the functional basis of adaptive evolution in scr74.
We did not detect the patterns of polymorphisms and diversifying selection observed in the SCR74 family in elicitins, a well-studied family of secreted cysteine-rich proteins of Phytophthora that has been implicated in host specificity (Kamoun, Lindqvist, and Govers 1997; Qutob et al. 2003) . In repeated analyses using the approximate and ML methods, we found no evidence of positive selection in elicitin sequences from P. infestans and Phytophthora sojae (unpublished data). This suggests that distinct selective forces shaped the SCR74 and elicitin families throughout the evolution of Phytophthora. Slow rates of evolution in elicitins are consistent with the view that these proteins are recognized by ancient broadspectrum plant genes and are implicated in species-level or non-host resistance (Kamoun 2001) .
This study provides support for using diversifying selection as an additional selection criterion for candidate effector genes from EST databases, and it therefore augments previously defined criteria, such as secretion and intraspecific polymorphism (Bos et al. 2003; Torto et al. 2003) . In the future, accumulation of cDNA and genomic sequences from plant and animal pathogens will yield more opportunities to investigate patterns of diversifying selection in effector gene families. Ultimately, analyses of diversifying selection will help us to establish functional connections between pathogen effectors and host defense processes, and to provide insights into the molecular basis of pathogen-host co-evolution.
